Controlling the bandstructure through local-strain engineering is an exciting avenue for tailoring optoelectronic properties of materials at the nanoscale. Atomically thin materials are particularly well suited for this purpose because they can withstand extreme non-homogeneous deformations before rupture. Here, we study the effect of large localized strain in the electronic bandstructure of atomically thin MoS 2 . Using photoluminescence imaging, we observe a strain-induced reduction of the direct bandgap, and funneling of photogenerated excitons towards regions of higher strain.
Tuning the band structure of a material by subjecting it to strain constitutes an important strategy to enhance the performance of electronic devices. 1 Using local strain, confinement potentials for excitons can be engineered, with possibilities for trapping excitons for quantum optics 2 and for efficient collection of solar energy. 3, 4 Two-dimensional materials are able to withstand large strains before rupture, [5] [6] [7] offering a unique opportunity to introduce large local strains. Here, we study atomically thin MoS 2 layers [8] [9] [10] [11] [12] [13] with large local strains of up to 2.5% induced by controlled delamination from a substrate. Using simultaneous scanning
Raman and photoluminescence imaging, we spatially resolve a direct bandgap reduction of up to 90 meV induced by local strain. We observe a funnel effect in which excitons drift hundreds of nanometers to lower bandgap regions before recombining, demonstrating exciton confinement by local strain. The observations are supported by an atomistic tight-binding model developed to predict the effect of inhomogeneous strain on the local electronic states in MoS 2 . The possibility of generating large strain-induced variations in exciton trapping potentials opens the door for a variety of applications in atomically thin materials including photovoltaics, quantum optics and two-dimensional optoelectronic devices.
Atomically thin MoS 2 is a semiconducting analogue to graphene, with a large intrinsic bandgap 9 and large Seebeck coefficient, 14 that can sustain elastic deformations up to 25% before the rupture. 6, 7, 15 This large breaking strength value has motivated a surge of theoretical works that study the changes of the MoS 2 band structure induced by strain [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] suggesting a means to trap photogenerated excitons. 3 In a conventional semiconductor, exciton confining potentials are typically engineered by locally changing its chemical composition. Alternatively, techniques such as laser trapping of excitons in a single material This is the post-peer reviewed version of the following article: A.Castellanos-Gomez et al. "Local strain engineering in atomically thin MoS 2 ". Nano Letters, (2013). 13 (11) , pp 5361-5366 doi: 10.1021/nl402875m Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/nl402875m Supporting information available at: http://pubs.acs.org/doi/suppl/10.1021/nl402875m 3 by the AC Stark effect has been employed to create traps with a 5 meV confining potential -a value suited for quantum optics experiments. 2 The large rupture strength of 2D crystals allows one to induce large local strains by bending or folding the material like a piece of paper. In this letter, we intentionally wrinkle few-layer MoS 2 flakes to subject them to large, local uniaxial strain. The applied strain is quantified by a combination of atomic force microscopy and Raman spectroscopy and the effect of the non-uniform strain on the bandgap is spatially resolved by scanning photoluminescence.
Large localized uniaxial strain (up to 2.5% tensile) in few-layers MoS 2 samples (3 to 5 layers) has been achieved in the following way: first MoS 2 flakes are deposited onto an elastomeric substrate (see Materials and Methods in the Supplementary Information) which is pre-stretched by 100%. Subsequently, the tension in the elastomeric substrate is suddenly released generating well-aligned wrinkles in the MoS 2 layers perpendicular to the initial uniaxial strain axis in the substrate (see Fig. 1a ). The mechanism behind the formation of these wrinkles is buckling-induced delamination. 26 We have found that this fabrication The maximum uniaxial tensile strain ε is accumulated on top of the winkles and can be estimated as
where σ is the MoS 2 Poisson's ratio (0.125), h is the thickness of the flake and δ and λ are the height and width of the wrinkle respectively. The values for δ and λ are extracted from the atomic force microscopy characterization of the wrinkle geometry (see Figure 1c) . To accurately determine the thickness, we employed a combination of atomic force microscopy, quantitative optical microscopy, 27 Raman spectroscopy 21, 22 and photoluminescence 23, 24 Raman spectroscopy has proven to be a powerful tool to characterize graphene samples subjected to uniaxial strain. 28 Here we employ the same technique to study the changes of the vibrational modes of MoS 2 flakes induced by localized strain. Figure 2a shows the Raman spectra measured on the flat region and on top of a wrinkle for a four layers thick MoS 2 flake (blue and red traces respectively). We observe that on top of the wrinkle the two most prominent Raman peaks, the E 1 2g and the A 1g , 30, 31 are red-shifted (the vibrations soften). The A 1g mode (that corresponds to the sulfur atoms oscillating in anti-phase out-of-plane) is less affected than the E 1 2g mode (sulfur and molybdenum atoms oscillating in anti-phase parallel to the crystal plane). It has been shown that the A 1g peak shift can be used to estimate the doping level in atomically thin MoS 2 32, 33 . However, a change in doping level enough to noticeably modify the optoelectronic properties of MoS 2 would yield a shift of the A 1g peak much larger than the one we measure 32, 33 . In fact, the slight red-shift of the A 1g peak observed on the wrinkled MoS 2 and the larger red-shift of the E To study the effect of localized tensile strain on the band structure of few-layer MoS 2 , we carried out scanning photoluminescence measurements on the wrinkled samples. Although few-layer MoS 2 is an indirect bandgap semiconductor, its photoluminescence spectrum is dominated by the direct gap transitions, at the K point of the Brillouin zone, between the valence band (which is split by interlayer and spin-orbit coupling) and the conduction band. meV. 39 While this value is indeed large, it should not be significantly influenced by the strain we apply, as was recently demonstrated theoretically in reference [3] that the exciton binding energy shifts by less than 6 meV per % of strain. As these corrections are small compared to the shifts of the photoluminescence peak we report, we can neglect their expected small This is the post-peer reviewed version of the following article: As in the case of graphene, the shift on the Raman modes upon applied strain can be employed to quantify the strain load on the sample. 28 Figure 3a shows the correlation between the shift of the E Using this quantitative in-situ calibration of the strain based on the Raman spectrum, we can directly relate the change in the direct bandgap transition energy to the strain induced in wrinkles in few-layer MoS 2 flakes. Figure 3b shows the results obtained on more than 50 different wrinkles (3 to 5 layers in thickness). The direct gap transition energy decreases for increasing uniaxial strain values; for a ~2.5 % tensile strain, the change is about -90 meV, which corresponds to a reduction of the direct bandgap transition energy of 5 %. The change in the direct bandgap of MoS 2 induced by the non-uniform strain generated by the wrinkles is comparable to that achieved in semiconducting nanowires by using a straining dielectric This is the post-peer reviewed version of the following article: A.Castellanos-Gomez et al. "Local strain engineering in atomically thin MoS 2 ". Nano Letters, (2013). 40 and about 5 times larger than the change induced in quantum dots by biaxial straining with piezoelectric actuators. 41 Nonetheless, unlike these previous strain engineering approaches, our procedure using non-uniform strain allows us to locally modify the band structure of semiconductors on the nanometer scale.
In order to gain further insight into the band structure change induced by the non-uniform strain, we have developed a description of the electronic properties of MoS 2 based on a tightbinding (TB) model. 42 Such an approach is particularly advantageous to investigate and to By repeating the simulations presented in Figure 4 for wrinkled ribbons (with N = 1200 unit cells) with different amounts of strain, we find that that the direct bandgap decreases linearly upon the maximum uniaxial strain value (solid line in Figure 3b) . Examining Figure   3b , we conclude that the theory describes well the extremal points of the distribution; however, there are also many points that fall below the solid line. The fact that there are many points that fall below the line is a result of a combination of the finite size of the local laser probe we are using, together with the local nature of the strain in the sample. In particular, the width  of the wrinkles (between 700 nm and 1200 nm) is comparable with the size of the laser spot (400 nm). In this situation the optical measurements cannot be considered purely local but they rather probe a finite portion of the wrinkle; this affects the Raman and photoluminescence measurements in a different way. In the Raman process, the photon emitted in a Raman scattering event is from the same position where it was absorbed. 9 Raman signal represents an average over the whole laser spot area, the photoluminescence gives only information about the minimum gap in the region illuminated by the laser (Figure   3c ). When including this funnel effect, the local strain tight binding model fits very well with our experimental results (dashed lines in Figure 3b) . The agreement of the data with the local strain model is also better than that with a model that contains only uniform strain, which tends to underestimate the bandgap shift (see Supplementary Information) .
In summary, we have demonstrated tuning of the electronic band structure of atomically thin layers of MoS 2 by engineering local strain. A tight-binding model including this nonuniform strain was developed to understand changes of the electronic band structure at the local scale, and is found to be in good agreement with our experimental observations. The capability to engineer a local confinement potential for excitons using strain provides a unique means to design and control the optoelectronic properties of atomically thin MoS 2 -based devices. The technique we present here offers a route to local strain engineering in both MoS 2 and other atomically thin crystals, opening up many applications in diverse fields such as optics, electronics, optoelectronics, photovoltaics and surface science.
During preparation of our manuscript, we became aware recent works studying the relation between bandgap and strain in MoS 2 flakes employing uniform uniaxial strain in a conventional three point bending configuration 46 or uniform biaxial strain using piezoelectric substrates, but which did not address the possibility of local strain engineering in thin 2D crystals. 
